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Abstract: This paper describes the critical study of open ended coaxial sensor using simulation 
technique by finite element method. The simulation includes the finding of cutoff wavenumber at 
each mode and was compared to analytical method. The simulation was also performed in 
finding the minimum thickness requirement for sample and the influencing parameters of coaxial 
probe performance. The simulation was carried out using COMSOL software. 
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1. Introduction 
 
An open ended coaxial line has been used by many researchers as a sensor of nondestructive 
testing for measuring moisture content [1-2] and complex permittivity [3-4] of materials. In this 
method, the sample is placed against an open end of a coaxial line and its reflection coefficient is 
measured. The complex permittivity of the material is then calculated using an equivalent 
admittance model of the coaxial sensor [1]. A coaxial line having inner and outer radii a and b, 
respectively, filled with a lossless homogeneous dielectric having a relative permittivity is 
terminated in the plane z=0 into a flat metallic flange extending theoretically to infinity in the 
transverse direction [5].The material terminating the aperture is assumed to be homogeneous, 
isotropic, linear, and nonmagnetic, of complex permittivity extending to infinity. A static 
capacitance C, due to the fringing fields excited by the TEM fields of the line over the aperture. 
The schematic diagram of open ended coaxial sensor with sample was shown in Figure 1. The 
critical studies of open ended coaxial sensor have been discussed by Grant [3]. But his paper not 
thoroughly discussed the electric field distribution inside the coaxial line. Knowing the electric 
field distribution inside coaxial line is very important especially in higher order modes and some 
analytical models were not considering higher order modes. Using numerical technique such as 
finite element method (FEM), the electric and magnetic field at higher order modes can be easily 
determined. 
 
2. Theory 
 
  A coaxial line having inner and outer radii a and b, respectively, filled with a lossless 
homogeneous dielectric. The wavenumber for coaxial waveguide can be obtained with the root 
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of Bessel-neumann and its derivative combination respectively whereby the cutoff wavenumber 
can be found at intercept between first and second term as shown in Equation (1) and (2). 
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COMSOL is a generic finite element method solver based on custom partial differential 
equations (PDE). The basic solving procedure in COMSOL includes geometric modeling, 
physical modeling, mesh generation, FEM matrix assembly, matrix solving and post processing. 
For a general TE-wave harmonic problem, COMSOL solve for the Ez field component. 
COMSOL solves the following equation 
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where r  is the relative permeability and rc  is the relative permittivity. The matrix assembly 
leads to the form: 
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which, after further transformation, produces the standard FEM formulation Ke= b [7]. 
For 2-D problems, direct UMFPACK method was chosen to solve these problems with 
relatively small matrix size, (with very high speed, usually in seconds for meshes about several 
thousand elements). For large problems like 3-D problems, COMSOL implements iterative 
methods with LU pre-conditioner. These solutions are more time-consuming because of their 
large scale. 
 
 
 
 
 
 
 
 
 
 
 
(a)                         (b) 
Figure 1. Open ended coaxial sensor (a) schematic diagram; (b) electric field distribution [6] 
 
3. Methodology 
 
The FEM simulation of coaxial sensor and sample was implemented by using COMSOL 
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Multiphysics software. The geometry of coaxial waveguide was shown in Figure 2. The 
simulation was carried out by using quadrilateral form with 618 elements. The simulation was 
running by using 1.50 GHz processors with 760Mb RAM. In two-dimensional FEM modeling, 
the most popular element shapes to be employed is triangles and quadrilaterals. The simulation 
was started with determination of wavenumber coaxial waveguide. In COMSOL, the results 
were calculated using higher order modes which are neglected by quasi TEM that was calculated 
from analytical method. The simulation results then were compared with analytical results. Then, 
the aspect ratio of coaxial waveguide was simulated so that the optimum performance of coaxial 
sensor can be recognized. The boundary condition for open ended coaxial sensor and sample was 
shown in Figure 3. 
 
 
Figure 2. Schematic diagram of coaxial waveguide (radius, a=2mm b=8mm) 
 
 
Figure 3. Boundary condition for open ended coaxial sensor and sample 
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4. Results and discussion 
 
4.1. Cutoff wave number for coaxial waveguide 
 
  The simulation was performed at perpendicular TE or TM mode situation whereby the 
eigenvalue easily can be determined by using COMSOL software. To ensure that the simulation 
was correct, the simulation result was compared with analytical equation as discussed above. It is 
found that the simulation results are in good agreement with analytical results as shown in Table 
1. Figures 4, 5 and 6 show the electric field distribution while Figure 7 and 8 show the magnetic 
field distribution at different mode in open ended coaxial sensor. It is found that the higher of 
mode gives the higher of cutoff wave number for coaxial waveguide whereby as well known, 
TM modes in coaxial are higher order modes. 
  In COMSOL, the eigenvalue is defined as 2 . While and a and b are radius of inner and 
outer conductor respectively. The cutoff wavenumber can be found using 
 
2
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where   is a propagation constant  j  and 
c
f
k
2
0   where c is a speed of light. 
Assuming that 0 , then the propagation constant is  j . 
 
  Then, the cutoff wavenumber can be written as 
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Figure 4. Magnetic field distribution at TE11 mode for coaxial waveguide 
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Figure 5. Magnetic field distribution at TE21 mode for coaxial waveguide 
 
 
 
Figure 6. Magnetic field distribution at TE31 mode for coaxial waveguide 
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Figure 7. Magnetic field distribution at TM01 mode for coaxial waveguide 
 
 
 
Figure 8. Magnetic field distribution at TM11 mode for coaxial waveguide 
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Figure 9. Cutoff wavenumber for coaxial waveguide at TE11 
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Figure 10. Cutoff wavenumber for coaxial waveguide at TE21 
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Figure 11. Cutoff wavenumber for coaxial waveguide at TE31 
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Figure 12. Cutoff wavenumber for coaxial waveguide at TM01 
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Figure 13. Cutoff wavenumber for coaxial waveguide at TM11 
 
Table 1. Cutoff wave number, kc for coaxial waveguide 
Mode kc eigenvalue 
TE TM Analytical COMSOL COMSOL 
11  205.5 204.4354 41355.1899 
21  376 375.5519 140600.5533 
31  524 523.7614 273887.3304 
 01 512 511.7717 261471.6238 
 11 556 555.5392 308185.1537 
a=2mm; b/a=4 
 
4.2. Thickness requirement for sample 
 
  The minimum requirement for thickness of sample is very important to ensure that the 
reflection is only due to that sample. The electric field coming out from open ended coaxial 
sensor as well known is in fringing field form. The maximum distance of electric field that will 
propagate into sample is a minimum requirement for that sample. The propagation of wave into 
sample is strongly related to the permittivity of that sample which is the higher of permittivity of 
sample give a smaller of electric field that will propagate into sample. In this simulation, the 
permittivity of sample was considered as small as possible so that the electric field that will 
propagate is far enough to that sample. The simulation begins with drawing geometry of coaxial 
sensor and sample as shown in Figure 14. Since the geometry of sensor is in symmetry form, 
then the geometry of sensor as shown in Figure 14 can be simplified as the geometry as shown in 
Figure 15. The number of element that will be used in this simulation is 4454 quadrilateral 
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elements since the results give a smallest relative error when it was compared with experimental 
results. The quadrilateral element was used since the geometry of sensor is rectangular form 
while the triangles elements are quite convenient for mesh generation, mesh transitions and 
rounding up corners. 
 
 
Figure 14. Schematic diagram for open ended coaxial sensor measurement 
 
 
 
Figure 15. Drawing mode in axial symmetry (2D) for simulation of sample by COMSOL 
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Figure 16. Magnetic field as a function of arc length for 1   
 
 
 
Figure 17. Magnetic field as a function of sample thickness for 1  
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Figure 17 shows that the magnetic field as a function of sample thickness for dielectric 
permittivity is 1. It is clearly shows that the magnetic field decreases with thickness of sample. It 
is observed that when the thickness sample exceeds 10 mm, the measured magnitude and phase 
of reflection coefficient is unchanged. The minimum thickness of sample is depends on the 
permittivity of sample and outer diameter of coaxial sensor as formulated in Equation (8). 
 
*
diameterOuter
thicknessMinimum

         (8) 
 
 
Figure 18. 3D simulation for open ended coaxial sensor 
  
  Figure 18 shows that the 3D simulation for open ended coaxial sensor for air sample whereby 
the magnetic distribution shows that the magnetic field is higher at open ended coaxial sensor 
where the red color shows the highest value of magnetic field compared to blue color. 
 
4.3. Influence parameter of coaxial probe performance 
 
  In this section, the effect of aspect ratio between outer, b and inner, a diameter and also the 
effect of the length l of the inner conductor will be discussed thoroughly. The schematic diagram 
of open ended coaxial sensor with inner and outer conductor was shown in Figure 19. 
 
 
Figure 19. Schematic diagram of open ended coaxial sensor with inner, a and outer, b diameter as well as 
the length, l of inner conductor 
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4.3.1. The effect of aspect ratio (b/a) 
 
  This section will be discussed about the effect of aspect ratio for performance of open ended 
coaxial sensor. Several aspect ratios were selected based on the types of coaxial sensor in market. 
There are 3.333, 3.154, 2.36, 2.0 and 1.57. The simulation was performed with inner conductor 
diameter, a is 0.65 mm. The detail of aspect ratio was described in Table 2. 
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Figure 20. Relationship between magnitude of reflection coefficient and frequency for various aspect ratios 
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Figure 21. Relationship between phase of reflection coefficient and frequency for various aspect ratio 
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Figure 22. Relationship between phase of reflection coefficient and frequency for various radius of outer 
conductor 
 
 
 
Figure 23. Relationship between phase of reflection coefficient and frequency for various radius of outer 
conductor 
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Table 2. Outer and inner diameter of coaxial sensor 
Outer diameter, b (mm) 
(a=0.65mm; l=0 mm) 
Aspect ratio 
(b/a) 
2.1665 3.333 
2.0501 3.154 
1.5340 2.36 
1.3 2.0 
1.0205 1.57 
 
4.3.2. The effect of length l of the inner conductor 
 
  The effect of aspect ratio was discussed thoroughly in previous section. It was clearly seen that 
the best aspect ratio is 1.57 since the magnitude of reflection coefficient for air is close to 1. In 
this section, the effect of length of the inner conductor will be discussed in detailed. The 
schematic diagram of open ended coaxial with the length of inner conductor was shown in 
Figure 19. As shown in Figures 24 and 25, the shortest length of the inner conductor gives a 
good result whereby the result is going to close to 1 and 0 deg for magnitude and phase of 
reflection coefficient respectively. 
 
4.3.3. Flange vs flangeless 
 
  The open ended coaxial sensor that was used in this study is a open ended coaxial sensor with 
flange. Figure 24 shows that the schematic diagram of open ended coaxial sensor with flange and 
without flange (flangeless). The simulation was performed with same mesh number of element. 
The simulation was performed for air sample and the result of reflection coefficient was 
compared for both sensors. As well known, the sensor with magnitude of reflection give a closest 
result to 1 or 0 dB is a best sensor in reflection measurement. 
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Figure 24. Relationship between magnitude of reflection coefficient and frequency 
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Figure 25. Relationship between phase of reflection coefficient and frequency for various lengths 
 
  Figure 26 shows that the relationship between reflection coefficients with frequency measured 
using open ended coaxial sensor with flange and without flange (flangeless). The results as 
shown in Figure 27 shows that the both sensor shows a same performance for a lower frequency 
but for a high frequency the sensor with flange shows a better result which is the magnitude of 
reflection coefficient is closest to 1. 
 
 
    
(a) flange                              (b) flangeless 
Figure 26. Schematic diagram for open ended coaxial sensor (a) flange; (b) flangeless 
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Figure 27. Magnitude and phase of reflection coefficient measured using open ended coaxial with flange 
and without flange (flangeless) for air 
 
5. Conclusions 
 
  The simulation of open ended coaxial line has been performed using FEM and the results 
show a good agreement in finding cutoff wavenumber when compared with analytical results. 
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